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Effects of Water Temperature
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Composition of Winter Flounder
Pseudopleuronectes americanus
at Hatching and Feeding Initiation

Abstraet.-Winter flounder were
acclimated to two temperatures (2°
and 7°C) for a period of about 7 weeks
prior to spawning. Embryos produced
at two acclimation temperatures were
incubated through the yolksac stage
at three incubation temperatures
(4°,7°, and lOOC). Both adult accli­
mation temperature and embryo and
larval incubation temperature were
found to have an effect on larval size
and biochemical composition. In many
cases the effects of acclimation tem­
perature and incubation temperature
were nonadditive. RNA content at
first feeding indicated that larvae
produced by adults acclimated to low
temperature (2°C) were better suited
for growth at low temperatures, while
larvae produced by adults acclimated
to higher temperature (7°C) were
better suited for growth at higher
temperatures. At first feeding larvae
were larger (higher standard length)
and in better condition (high protein
and RNA content) when incubated at
lower temperatures.

Manuscript accepted 11 June 1990.
Fishery Bulletin, U.S. 88:419-428.

The effects of water temperature on
the size and viability of fish eggs and
larvae have been the subject of con­
siderable interest. Water tempera­
ture is the environmental variable
most often linked to recruitment in
retrospective empirical analyses of
recruitment variability in temperate
marine fish (Sissenwine 1984). Yet in
most cases causation is not established
and the mechanisms involved are
poorly understood. Studies of effects
of water temperature prior to spawn­
ing suggest an inverse relation be­
tween water temperature and egg
size in several species (Hempel and
Blaxter 1967, Cushing 1967, Bagenal
1971, Southward and Demir 1974,
Ware 1975, Tanasichuk and Ware
1987). The effects of water tempera­
ture during the embryonic period on
larval size and yolk conversion effici­
ency have been examined in a variety
of species (Lasker 1962, Sweet and
Kinne 1964, Alderdice and Forrester
1968, May 1974, Laurence and Rogers
1976, Linden et al. 1980, Johns et al.
1981, Laurence and Howell 1981,
Buckley et al. 1982). While maximum
efficiency is generally achieved at in­
termediate temperatures within the
range of thermal tolerance, the exact
shape of the relation between tem­
perature and utilization is variable
(Heming and Buddington 1988). Blax-

ter and Hempel (1966) found that the
effect of temperature on yolk conver­
sion efficiency was dependent upon
egg size in Atlantic herring Cl·upea.
harengus, cold temperatures favor­
ing small eggs and warm tempera­
tures favoring large eggs. The effects
of water temperature have been ex­
amined in combination with salinity,
oxygen levels, and other environmen­
tal variables. None of these studies,
with the exception of Tanasichuk and
Ware 1987, considered a possible in­
teractive effect of wat':l' temperature
during gamete maturation with water
temperature during the embryonic
and larval periods. It is widely known,
however, that acclimation tempera­
ture mediates many thermal effects,
including upper and lower lethal tem­
peratures and metabolic rate (Brett
1970).

This study was undertaken to exam­
ine the effects of water temperature
during the latter stages of gamete
development and during the embry­
onic and yolksac periods on the size
and biochemical composition of
winter flounder larvae produced.
Standard length, RNA, DNA, and
protein content were determined at
hatching and first feeding. These in­
dices were chosen because of their
relation to fitness, growth, and sur­
vival potential of fish larvae. Length
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has been related to swimming speed and the ability to
capture prey and avoid preditors (Folkvord and Hunter
1986, Miller et al. 1988). Bulk RNA content is primarily
a measure of ribosomal RNA content which is an in­
dex of an organism's capacity for synthesis of protein
and growth (Bulow 1987). DNA content is an index of
cell number and developmental state. Protein, the
primary organic constituent in fish larvae, is general­
ly proportional to dry weight (Buckley 1979). Growth
of fish larvae is primarily accomplished through pro­
tein synthesis and accumulation. Protein is also an im­
portant source of reserve energy during larval develop­
ment (Buckley 1979).

The primary hypothesis tested was that water tem­
peratures, both during gamete maturation and during
embryonic and early larval development, and their in­
teraction had an effect on the size and composition of
larvae produced. It was reasoned that eggs produced
by adults acclimated to low temperatures would be
better adapted to low temperatures than eggs produced
by adults acclimated to high temperatures. It was ex­
pected that the converse was true for eggs produced
by adults acclimated to high temperatures. This study
originated in part out of an earlier study indicating that
winter flounder embryos produced at low temperature
exhausted their yolk reserves prior to feeding initia­
tion and appeared poorly suited for growth and sur­
vival when incubated and reared at higher tempera­
tures (Buckley 1982). It is part of a larger study of the
effects ofparental and environmental factors on the
size and viability of winter flounder eggs and larvae.
The rationale for this larger effort is that given the high
fecundity of temperate marine fishes and the high mor­
tality rates during their early life stages, variability at
the individual, brood and stock level in size and com­
position of fish eggs and larvae may playa large part
in determining survival during the early life stages and
consequently in determining recruitment success.

Methods

Mature winter flounder were caught with an otter
trawl on 23 December 1980 in the West Passage of
Narragansett Bay in the vicinity of Fox Island at a
water temperature of 3.5°C (Table 1). Fish were ran­
domly assigned to two groups (acclimation tempera­
tures). One was held at 2°C, the other at 7°C. Spawn­
ing was induced by injections of carp pituitary extract
administered as described by Smigielski (1975). Eggs
were stripped, fertilized with the sperm of three males
held at the same temperature as the spawning female,
and treated with diatomaceous earth (Smigielski and
Arnold 1972). Embryos from each female were ran­
domly split into three groups of about 1500 each and
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Table 1
Experimental design. Three Pseudopleurone.ctes americanus
females were spawned at each of two acclimation tempera­
tures (2°, 7°C). Subsamples of about 1500 eggs from each
female were incubated in separate containers at each of three
temperatures (40, 7°, 10°C). Triplicate samples of 40 larvae
each were taken from each tank for biochemical analysis.

Stage Temperature Time

Adults 3.5°C Capture, \0
Acclimation

Adults-Garnets 2°C 7°C 48-51 days
~ ~

Incubation
Embryos-Larvae 4,7, 100C 4,7,lOoC 13-29 days

incubated at 4°, 7°, and 10°C in 38-L black glass
aquaria. Eggs and larvae were not incubated at 2°C
because of the high mortality observed at this temper­
ature in earlier studies (Laurence 1975, Buckley 1982).
Embryos were gradually acclimated to the incubation
temperatures at the rate of 1°C per 6 hours. Mter
hatching, larvae were fed live zooplankton collected in
the Narragansett Bay area and sieved to select the ap­
propriate size fraction. Plankton densities were main­
tained at greater than 2 plankters per mL.

Groups of 10 larvae were examined daily, between
0800 and 1100 hours, under a dissecting microscope
to establish the day of completion of yolksac absorp­
tion and first feeding. Larvae were judged to have com­
pleted yolksac absorption when 5 out of 10 larvae had
no visible yolk. Larvae were judged to have initiated
feeding when 5 out of 10 larvae examined had food visi­
ble in their gut. At hatching and first feeding 10 lar­
vae from each group (one unique combination of accli­
mation and incubation temperatures for each female)
were measured for standard length with a filar microm­
eter in a dissecting microscope. Yolk volume was esti­
mated using the equation for a prolate spheroid:

v = (n/6) LH2

where L is the length and H is the height of the yolksac
(Laurence 1973). Triplicate groups of 40 larvae each
were sampled at the same times for biochemical anal­
ysis. Larvae were homogenized in 2.0 mL of ice-cold
distilled water using an all-glass tissue grinder. Sub­
samples of 1.4 and 0.1 mL of homogenate were used
for analysis of nucleic acids and protein, respectively,
as outlined in Buckley (1979). Nucleic acids were deter­
mined using a modification of the Schmidt-Thannhau­
ser method. A modification of the Lowry method was
used for determination ofprotein. Coefficients of varia-
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Table 2
Size and number of injections for individual Pseudo'pfR.'ltronectes a.mericanus females. and percent fertility and hatch of their offspring.

Age at Age at
Acclimation T Tag Length Weight No. Fertility Incubation T Hatch hatch first feeding

(0C) number (mm) (g) injections (%) (0C) (%) (d) (d)

2 335 280 290 4 98 4 85 20 9
7 80 11 7

10 72 7 2

2 217 301 389 4 75 4 85 17 7
7 80 10 7

10 70 8 5
2 218 290 315 3 96 4 85 16 7

7 80 10 7
10 70 7 5

7 857 245 345 2 96 4 85 15 8
7 80 10 6

10 70 7 4
7 067 303 373 4 98 4 80 14 11

7 70 io 6
10 70 7 4

7 276 357 627 3 98 4 80 14 11
7 80 7 6

10 80 7 6

tion (sample standard deviation as a percent of the
mean) for replicate analyses on portions of a fresh or
frozen homogenate run within one week of preparation
were 3% for RNA, 8% for DNA, and 5% for protein.

Data analysis was done using SAS System Software
for personal computers (SAS 1985). The GLM pro­
cedure was used for analysis of variance because of the
unbalanced design. Differences among main effect
means were tested for· significance using Tukey's
studentized range test.

Results

Between 48 and 51 days after capture, three females
were spawned at each acclimation temperature after
receiving between two and four hormone injections
(Table 2). There was no significant difference in either
the number of injections administered or the length
of female parents between acclimation temperature
groups (analysis of variance, P~0.05). Spawning
females ranged in length from 245 to 357 mm with a
mean of 296 mm. Based on length-at-age data for
winter flounder from the Niantic River, CT (Northeast
Utilities 1987), this corresponds to a range in age of
3-6 years. Fertilization rate was high, ranging from
75 to 98% with a mean of 94%. Acclimation tempera­
ture or the number of hormone injections had no signifi­
cant effect on the fertilization rate (P~0.05).Percent

hatch ranged from 70 to 85% with a mean of 78%.
Hatch rates were significantly higher at the lower in­
cubation temperatures but unaffected by acclimation
temperature of the parents (P~0.05).

At all combinations of acclimation (prespawning) and
incubation (postspawning) temperature, completion of
yolksac absorption occurred within one day of first
feeding. Age at hatch and age at first feeding were in­
versely related to incubation temperature. Spawning
temperature had an effect on age at hatch but not on
age at first feeding. No interactive effect of adult ac­
climation temperature and embryo incubation temper­
ature was observed on the rate of these developmen­
tal processes (P~0.05).

The mean standard length and chemical content of
larvae at hatching and first feeding are given in Tables
3 and 4. Standard length and DNA content generally
increased over this period (Fig. 1). The decrease in pro­
tein content between hatching and first feeding in­
dicates a net catabolism of protein during the period.

The effects of selected factors on the size and
chemical content of larvae at hatching and at first
feeding were evaluated using analysis of variance
(Table 5). In SAS notation, the general form of the
model used was:

Y = A B C(A) A *B

where Y is the dependent variable and A, B, and C
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Table 3
Length, yolksac volume, and chemical content of Pseudop!euronecf.es a'mericanuslarvae at hatching. Values are the estimated means
along with the standard deviation. For standard length and yolksac volume, N = 30 (10 larvae from each of 3 females). For RNA, DNA,
and protein content, N = 9 (3 pools of 40 larvae each from 3 females). Percents in brackets are coefficients of variation of the grand
mean. Where the interaction between adult spawning temperature and embryo incubation temperature was not significant. main-effects
means were calculated and Tukey's studentized range test applied to these values. Where the temperature interaction factor was signifi­
cant, simple main effects were tested. Values in a row with a superscrip letter in common or bracketed values in a column are not
significantly different (P";; 0.05).

10

3.40 ± 0.14b

Spawning Incubation temperature (Oe)
temperature

(0C) 4 7

Standard length (mm)

2 [ 3.61 ± 0.15" [3.45 ± 0.17b

7 [3.33 ± 0.16" 3.46 ± 0.09b

i

Yolksac volume (mm3)

2 0.08 ± 0.04 0.05 ± 0.02
7 0.08 ± 0.04 0.05 ± 0.01
i 0.08" 0.05b

RNA content (j.lgnarva)
2 1.32 ± 0.16 1.18 ± 0.20
7 1.27 ± 0.13 1.13 ± 0.08
x 1.30" 1.16b

DNA content (Mgnarva)

2 [ 0.34 ± 0.06" [ 0.2820.04b

7 0.33 ± 0.05b [ 0.39 ± 0.04"
x

Protein content (j.lgllarva)
2 17.3 ± 2.4 15.7 ± 4.2
7 15.2 ± 2.2
i 16.1" 15.7"

0.05 ± 0.02

1.17 ± 0.09
1.05 ± 0.08

l.11b

[ 0.36 ± 0.04"
[ 0.33 ± 0.03b

15.8 ± 2.7
15.6 ± 1.7

15.7"

3.45 ± 0.18 (6.1%)

0.06"
0.07"

0.06 ± 0.03 (50%)

1.22"
1.16b

1.19 ± 0.16 (13.1 'Va)

0.34 ± 0.06 (16.7%)

16.2"
15.3"

15.9±2.8 (17.5%)

Table 4
Length and chemical content of PseudoplRu1·onecf.es americanuslarvae at first feeding. Values and statistics are as given for Table 3.

Spawning Incubation temperature (0G)
temperature

(0G) 4 7 10

Standard length (mm)

2 [ 4.40 ± 0.15" [ 4.18 ± 0.30b [ 3.96 ± 0.15"
7 4.35 ± 0.09" 4.14 ± 0.19b [ 4.05 ± 0.14b

x
RNA content (j.lgllarva)

2 [ 1.30 ± 0.13" [ 1.21 ± 0.15" [0.89 ± O.Olb

7 [1.17 ± 0.12" [ 1.01 ± 0.08b [ 1.21 ± 0.15"
x

DNA content (j.igllarva)
2 0.41 ± 0.06 0.35 ± 0.07 0.38 ± 0.02
7 0.37 ± 0.03 0.43 ± 0.06 0.38 ± 0.05
x 0.39" 0.39" 0.38"

Protein content (j.lg/larva)
2 [13.3 ± 1.6" [ 12.0 ± 1.8"' b [11.0 ± 2.0b

7 13.1 ± 1.0" [13.4 ± 0.9" 11.1 ± 1.2b

x

4.21"
4.19"

4.20 ± 0.25 (5.9%)

1.15 ± 0.18 (15.2%)

0.38"
0.39"

0.39 ± 0.05 (13.7%)

12.8 ± 1.6 (12.5%)
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Figure 1
Standard length, yolk volume, and biochemical composition of Pseudopleuroneetes americanus larvae at hatching
and first feeding. o Tsp = 2°C; ... Tsp = 7°C.
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Table 5
Analysis of variance for factors affecting size and chemical content of Pseudopleuronectes ame1'icanus larvae at hatch and first feeding.
Tsp = adult acclimation and spawning temperature; Tinc = embryo and larval incubation temperature; TxT = temperature inter-
action; Block = female tag number. *P4itO.05, **P4itO.01. ***P4itO.OO1. Where the temperature interaction is significant, F values
for Tsp and Tinc are not given.

Tsp Tinc TxT Block Total

At Hatch
Larval length (mm) df 1 2 2 4 139

F value 25.17*** 13.66***

Yolk volume (mmS) df 1 2 2 4 139
F value 0.00 12.26*** 0.05 2.40*

RNA (,..g/mg) df 1 2 2 4 49
F value 4.68* 15.94*** 0.18 10.16***

DNA (J.ig/mg) df 1 2 2 4 49
F value 24.15*** 8.41***

Protein (,..g/mg) df 1 2 1 4 36
F value 0.00 1.11 0.01 15.59***

At First Feeding
Larval length (mm) df 1 2 2 2 169

F value 5.07** 8.08***

RNA (,..g/mg) df 1 2 2 4 41
F value 40.78*** 12.29***

DNA (,..g/mg) df 1 2 2 4 39
F value 0.27 1.38 3.13 1.90

Protein (,..g/mg) df 1 2 2 4 34
F value 6.32** 11.93***

are independent class variables (SAS Institute 1985).
A is the acclimation and spawning temperature (Tsp);
B is the embryo and larval incubation temperature
(Tine); C is the block effect or individual female tag
number (Block). This maternal factor is nested within
the acclimation temperature and represents the vari­
ability among individual spawning females. This fac­
tor was added to the model to block out fish-to-fish
variability. It was significant for all dependent vari­
ables tested (Table 5). A *B is the interaction of acclima­
tion and incubation temperatures.

Significant interactions between spawning and in­
cubation temperature were observed at hatch for
length and DNA content, and at first feeding for
length, RNA, and protein content. In these cases,
where the effects of spawning temperature and incuba­
tion temperature were nonadditive, simple main effects
were tested at each spawning and incubation tempera­
ture using Tukey's studentized range test. Where no
temperature interaction was observed (yolk volume,
RNA. and protein content at hatch, and DNA content
at first feeding) main-effects means were calculated
and differences among main-effects means were tested
for significance using Tukey's studentized range test.

At hatching, standard length showed a significant
temperature interaction (Table 5). At a spawning

temperature of 2°C, standard length decreased with
increasing incubation temperature (Table 3). At a
spawning temperature of 7°C, standard length was
higher at an incubation temperature of 7°C than at
4°C. Yolk volume showed no significant temperature
interaction, was unaffected by spawning temperature,
and was highest at the lowest incubation temperature
of 4°C. RNA content at hatch showed no significant
temperature interaction and decreased with both in­
creasing spawning and incubation temperature. DNA
content at hatch showed a significant temperature in­
teraction. At a spawning temperature of 2°C, DNA
content was lowest at the intermediate incubation
temperature (7°C). At a spawning temperature of 7°C,
DNA content was highest at this intermediate incuba­
tion temperature. Protein content at hatch showed no
temperature interaction and was unaffected by either
spawning or incubation temperature.

At first feeding, standard length showed a signifi­
cant temperature interaction. At both spawning tem­
peratures (2° and 7°C) standard length decreased with
increasing incubation temperature (Table 4). RNA con­
tent at first feeding showed a significant temperature
interaction. At a spawning temperature of 2°C, RNA
content was lowest at the highest incubation tempera­
ture (10°C). At a spawning temperature of 7°C, RNA
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content was lowest at the intermediate incubation tem­
perature (7°C). DNA content at first feeding showed
no significant temperature interaction and was unaf­
fected by either spawning or incubation temperature.
Protein content at first feeding showed a significant
temperature interaction. At both spawning tempera­
tures, protein content decreased with increasing in­
cubation temperature.

Discussion

Winter flounder spawn and embryos survive over a
wide range of temperatures. In the laboratory, Wil­
liams (1975) observed survival of embryos between
-1.8° and 15°C. Rogers (1976) reported survival be­
tween 3° and 14°C. While 2°C is close to the temper­
ature of maximum egg production, winter flounder
larvae require water temperatures above 2°C for sur­
vival to metamorphosis (Laurence 1975, Buckley et al.
1982). Spawned through the late winter and early
spring, winter flounder embryos and larvae generally
experience gradually increasing water temperatures.
In shallow estuaries and bays, however, embryos and
larvae may be subjected to large fluctuations in salin­
ity and water temperature over relatively short periods
of time, or to prolonged periods of abnormal warming
or cooling. The effects of such changes in water tem­
perature on survival and growth of the early-life stages
of winter flounder are largely unknown.

Inverse relations between water temperature (dur­
ing late winter and early spring) and indices of recruit­
ment have been reported for winter flounder (Jeffries
and Johnson 1974, Jeffries and Terceiro 1985, North­
east Utilities 1988). The shape of larval abundance
curves, a parameter affected by water temperature,
has also been related to recruitment; cold years with
broad shallow abundance curves produce good year­
classes (Northeast Utilities 1988).

The size and chemical composition of larvae at initia­
tion of feeding provide useful criteria for evaluation
of these temperature effects, and may provide insight
into causal mechanisms. Feeding initiation is the end
point of the period of reliance on endogenous energy
reserves that commences at ovulation. Increased lar­
val size confers increased potential for survival, since
larger larvae are better able to avoid size-dependent
predation, capture food, and survive periods of star­
vation (Blaxter and Hempel 1966, Rosenberg and
Haugen 1982, Bailey and Battey 1984, Knutsen and
Tilseth 1985). DNA content is an index of cell number
and RNA content an index of the capacity for protein
synthesis and hence growth (Bulow 1987). Buckley
et al. (In prep.) demonstrated direct relations between
size and RNA content of yolksac winter flounder larvae

and survival for the first month of life in the laboratory.
Size of larvae at first feeding is dependent upon egg
size at spawning and the efficiency of production of lar­
val tissue (yolk-conversion efficiency).

Based on observations of the timing of yolk absorb­
tion and first feeding, and the size and composition of
winter larvae produced by a single female spawned at
2°C, Buckley (1982) speculated that eggs spawned at
low temperatures (2°) may be poorly suited for growth
and survival at high temperatures (10°C) within the
range of tolerance of winter flounder. The present fac­
torial study of six females spawned at low (2°C) and
high (7°C) temperatures confirmed and extended these
earlier findings. However, unlike the earlier study, first
feeding occurred within one day of completion of yolk
absorbtion at all combinations of adult acclimation
(prespawning) and incubation temperature (Table 2).
The present study, with the spawn from six winter
flounders, demonstrated the importance of variability
at the level of individual females in determining size
and composition of winter flounder larvae (Tables 3 and
4). Adult acclimation (prespawning) temperature was
important alone or in combination with embryo incuba­
tion temperature in determining length and RNA and
DNA content at hatch, and in determining length and
RNA and protein content at first feeding (Table 5). Em­
bryo incubation temperature was important alone or
in combination with adult acclimation temperature in
determining larval size, yolksac volume, RNA and DNA
content at hatch, and in determining length and RNA
and protein content at first feeding. At first feeding,
size and chemical content of eggs spawned by adults
acclimated to 2°C were maximized at the lowest in­
cubation temperature (4°C). Eggs spawned at 7°C pro­
duced the longest first-feeding larvae at 4°C, while
DNA and protein content were highest at the inter­
mediate incubation temperature (7°C) and RNA con­
tent was highest at the warmest incubation tempera­
ture (10°C). The largest larvae, whether measured by
length or chemical content, were produced at the low­
est combination of acclimation and rearing tempera­
tures. RNA content, which is critical to protein syn­
thesis and growth, was highest at first feeding in larvae
incubated at 4°C for eggs produced at 2°C, and at lOoC
for eggs produced at 7°C. RNA content was lowest in
first-feeding larvae produced from eggs spawned at
2°C and incubated at 10°C. This group represented the
largest difference between spawning and incubation
temperature.

Hempel and Blaxter (1967) reported differences in
fecundity and egg size between Atlantic herring stocks
spawning at different temperatures. Stocks spawning
at colder temperatures produced fewer but larger eggs.
Tanasichuk and Ware (1987) working with Pacific her­
ring found that both size-specific fecundity and egg
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size, but not size-specific ovary weight, were related
to seawater temperature 60-90 days before spawning.
Again, fecundity increased with increasing tempera­
ture while egg size decreased.

Results from this study demonstrate that water
temperatures during the latter stages of gamete
maturation (48-51 days prior to spawning) and during
embryo and larval development affect the size and com­
position of winter flounder larvae produced. Further,
the interaction between acclimation temperature of
adults and incubation temperature of embryos and lar­
vae also appears to have a strong effect on size and
composition of larvae. While the number of oocytes
entering vitellogenesis is probably determined earlier
.in the reproductive cycle (Brown 1957, Dunn 1970,
Tyler and Dunn 1976, Burton and Idler 1984), several
important functions occur during the latter stages of
gamete development, including further deposition of
yolk and final meiotic division.

Our data on size and chemical composition of winter
flounder at hatching and first feeding suggest a more
complex relation between water temperature and lar­
val size than observed between water temperature and
egg size. These data may help explain some of the
variability observed in the relation between yolk-con­
version efficiency or maximum larval size and incuba­
tion temperature (Sweet and Kinne 1964, Alderdice
and Forrester 1968, Laurence and Rogers 1976,
Linden et al. 1980, Johns et al. 1981, Laurence and
Howell 1981, Buckley 1982). Our data suggest that lar­
val size and composition at hatch and first feeding are
dependent not only upon incubation temperature but
also upon water temperature during the final stages
of gamete maturation and upon the interaction of water
temperature during these two time-periods. This im­
plies that the contents of the egg are modified in some
way in response to water temperature prior to spawn­
ing. Most likely, this temperature response goes beyond
simply producing a larger or smaller egg with com­
ponents in the same proportion. The ratio of major
organic components including protein, lipids, carbo­
hydrates, and nucleic acids may be altered in response
to temperature. More subtle, but possibly more signifi­
cant, changes in the composition of the developing
oocyte in response to water temperature may include
alterations in the content, composition, activity, or
stability of enzymes, hormones, maternal messenger
RNA, and stable RNA (tRNA and rRNA). Any conclu­
sions about the efficiency of yolk utilization at different
incubation temperatures should take into account the
thermal history of the spawning adults.

Winter flounder reproductive strategy has most like­
ly evolved to exploit the dramatic increase in water
temperature during the spring in the shallow estuaries
along the northwest margin of the Atlantic Ocean.
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Between spawning and metamorphosis, a period of
about 2 months in winter flounder, water temperatures
warm an average lOoe (from "-'2° to 12°C) affecting
not only the abundance and composition of predators
and prey but also the rates of metabolic processes
(Laurence 1975, 1977). This maximizes size and condi­
tion of first-feeding larvae at low temperatures (Table
4), allows relatively long resistance to starvation at in­
termediate temperatures, and facilitates rapid larval
and postlarval growth at higher temperatures (Buckley
1982). Mortality of late embryos and larvae at cold
temperatures (.:E;;2°C) (Laurence 1975, Buckley 1982)
indicates that good survival of winter flounder is de­
pendent upon the expected spring warming. While
gametogenesis and embryo and larval development
show a wide range of temperature tolerance in winter
flounder, these processes appear to have been opti­
mized for cold winter temperatures followed by gradual
spring warming. Our data suggest that cold winters
followed by gradual spring warming favor good sur­
vival and recruitment of winter flounder by facilitating
production of the largest larvae at first feeding (high
standard length and DNA content) in the best condi­
tion (high RNA and protein content). These data may
explain in part the observed correlation between cold
years and strong year-classes (Jeffries and Johnson
1977, Jeffries and Terceiro 1985, Northeast Utilities
1988).

Citations

Alderdice, D.F.• and C.R. Forrester
1968 Some effects of salinity and temperature on early develop­

ment and survival of the English sole (Pa.rophrys ventulus). J.
Fish. Res. Board Can. 25:495-521.

Bagenal, T.L.
1971 The interrelation of the size of fish eggs, the date of

spawning and the production cycle. J. Fish. BioI. 3:207-219.
Bailey. K.M., and R.S. Batty

1984 Laboratory study of predation by Aurelia aurita on lar­
vae of cod. flounder, plaice and herring: development and
vulnerability to capture. Mar. BioI. (Berl.) 83:287-291.

Blaxter. J.H.S.• and G. Hempel
1966 Utilization of yolk by herring larvae. J. Mar. BioI.

Assoc., U.K. 46:219-234.
Brett. J.R.

1970 Temperature-fishes. In Kinne. O. (ed.), Marine ecology,
vol. 1, Environmental factors. p. 515-560. Wiley, London.

Brown, M.E.
1957 Experimental studies on growth. In Brown, M.E. (ed.).

The physiology of fishes, chap. 9. p. 361-400. Acad. Press,
NY.

Buckley. L.J.
1979 Relations between RNA-DNA ratio, prey density. and

growth rate in Atlantic cod (Gadus ·/norhua.) larvae. J. Fish.
Res. Board Can. 36:1497-1502.

1982 Effects of temperature on growth and biochemical com­
position of larval winter flounder Pseud.opleuronectes ameri­
Ca-l~US. Mar. Ecol. Prog. Ser. 8:181-186.



Buckley et al.: Effects of water temperature on Pseudop/euroneetes americanus 427

Buckley. L.J•• T.A. Halavik. A.S. Smigielski. G.C. Laurence.
and E.M. Calderone

In prep. Variability in size, biochemical composition, and sur­
vival of winter flounder (Pse.udc;pleuronectes american1tB) lar­
vae reared in the laboratory. Narragansett Lab., Northeast
Fish. Cent., Natl. Mar. Fish. Serv., NOAA, Narragansett, RI
02882-1199.

Bulow, F.J.
1987 RNA-DNA ratios as indicators of growth in fish. In

Summerfelt, R.C., and G.H. Hall (oos.), Age and growth of fish,
p. 45-64. Iowa State Univ. Press. Ames.

Burton, M.P.• and D.R. Idler
1984 The reproductive cycle in winter flounder, Pseude;pleuro­

nectes ll'mericunus (Walbaum). Can. J. Zool. 62:2563-2567.
Cushing, D.H.

1967 The grouping of herring populations. J. Mar. BioI.
Assoc. U.K. 47:193-208.

Dunn. R.S.
1970 Further evidence for a three-year oocyte maturation time

in the winter flounder (Pseudopleuronectes a.me1'ica:n:us). J.
Fish. Res. Board Can. 27:957-960.

Folkvord. A., and J.R. Hunter
1986 Size-specific vulnerability of northern anchovy, E1I1J'f'a1l1iB

moo'dax, larvae to predation by fishes. Fish. Bull., U.S. 84:
859-869.

Heming, T.A., and R.K. Buddington
1988 Yolk absorbtion in embryonic and larval fishes. In Hoar,

W.S., and D.J. Randall (eds.) Fish physiology. Vol. 11, The
physiology of developing fish. Part A, Eggs and larvae, p.
408-446. Acad. Press, NY.

Hempel. G., and J.H.S. Blaxter
1967 Egg weight in Atlantic herring (Clupea h(J;/-ertgU8 L.). J.

Cons. Perm. Int. Explor. Mer 31:170-195.
Jeffries. H.P., and W.C. Johnson

1974 Seasonal distributions of bottom fishes in the Nar­
ragansett Bay area: Seven-year variations in the abundances
of winter flounder (Pseudopleuronectes americanus). J. Fish.
Res. Board Can. 31:1057-1066.

Jeffries. H.P.• and M. Terceiro
1985 Cycle of changing abundances in the fishes of the Nar­

ragansett Bay area. Mar. Ecol. Prog. Ser. 25:239-244.
Johns, D.M.. W.H. Howell, and G. Klein-MacPhee

1981 Yolk utilization and growth to the yolk-sac absorption
in the summer flounder (Pa.ralichthys dentatu.s) larvae at con­
stant and cyclic temperatures. Mar. BioI. (BerI.) 63:301-308.

Knutsen. G.M.. and S. Tilseth
1985 Growth, development, and feeding success of Atlantic

cod larvae Gadll,s morhua related to egg size. Trans. Am.
Fish. Soc. 114:507-511.

Lasker, R.
1962 Efficiency and rate of yolk utilization by developing em­

bryos and larvae of the Pacific sardine, SU1'dinops caerula
(Girard). J. Fish. Res. Board Can. 19:867-875.

Laurence. G.C.
1973 Influence of temperature on energy utilization of em­

bryonic and prolarval tautog, Tautoga onit·is. J. Fish. Res.
Board Can. 30:435-442.

1975 Laboratory growth and metabolism of winter flounder,
Pseudople1tronectes americanus, from hatching through meta­
morphosis at three temperatures. Mar. BioI. (Berl.) 32:
223-229.

1977 A bioenergetic model for the analysis of feeding and sur­
vival potential of winter flounder, Pseudopleu1'onectes amm­
canus, larvae during the period from hatching to metamor­
phosis. Fish. Bull., U.S. 75:529-546.

Laurence. G.C.. and W.H. Howell
1981 Embryology and influence of temperature and salinity

on early development and survival of yellowtail flounder
Limandaferruginea. Mar. Ecol. Prog. Ser. 6:11-18.

Laurence, G.C.. and C.A. Rogers
1976 Effects of temperature and salinity on comparative em­

bryo development and mortality of cod (Goous m(;?'hua L.) and
haddock (MelallQgrQ1n11l-US aeglRfi1l-us [L.]). J. Cons. Cons. Int.
Explor. Mer 63:220-228.

Linden. 0., R. Laughlin Jr., J.R. Sharp, and J.M. Neff
1980 The combined effects of salinity, temperature and oil on

the growth pattern of embryos of the killifish, FWld1tlus
heteroclit1tB Walbaum. Mar. Environ. Res. 3:126-144.

May. R.C.
1974 Effects of temperature on yolk utilization in BairdieUa

icistia (Jordan & Gilbert) (Pisces: Sciaenidae). J. Exp. Mar.
BioI. Ecol. 16:213-225.

Miller, T.J., L.B. Crowder. J.A. Rice. and E.A. Marschall
1988 Larval size and recruitment mechanisms in fishes:

Toward a conceptual framework. Can. J. Fish. Aquat. Sci.
45:1657-1670.

Northeast Utilities
1987 Monitoring the marine environment of Long Island Sound

at Millstone Nuclear Power Station, Waterford, CT. Summary
of studies prior to Unit 3 operation. Northeast Utilities, En­
vironmental Lab., Waterford, CT, 151 p.

1988 Monitoring the marine environment of Long Island Sound
at the Millstone Nuclear Power Station, Waterford. Connec­
ticut. Three-unit operational studies 1986-1987. Northeast
Utilities, Environmental Lab., Waterford, CT, 355 p.

Rogers, C.A.
1976 Effects of temperature and salinity on the survival of

winter flounder embryos. Fish. Bull., U.S. 74:52-58.
Rosenberg. A.A.• and A.S. Haugen

1982 Individual growth and size-selective mortality of larval
turbot (Scopkthalm'us maxim'us) reared in enclosures. Mar.
BioI. (Berl.) 72:73-77.

SAS Institute Inc.
1985 SAS/STAT guide for personal computers, Version 6 Edi­

tion. SAS Institute Inc., Cary, NC, 378 p.
Sissenwine. M.P.

1984 Why do fish populations vary? In May, R. (ed.), Work­
shop on exploitation of marine communities, p. 59-94.
Springer-Verlag, Berlin.

Smigielski. A.S.
1975 Hormonal-induced ovulation of winter flounder,

Pseudopleuronectes americanus. Fish. Bull.. U.S. 73:431-438.
Smigielski, A.S.• and C.R. Arnold

1972 Separating and incubating winter flounder eggs. Prog.
Fish-Cult. 34:113.

Southward. A.J., and N. Demir
1974 Seasonal changes in dimensions and viability of the devel­

oping eggs of the Cornish pilchard (Sardinia pilcha1'd-ltB
Walbaum) off Plymouth. In Blaxter, J.H.S. (ed.l, The early
life history of fish, p. 53-68. Springer-Verlag, NY.

Sweet, J.G., and O. Kinne
1964 The effects of various temperature-salinity combinations

on the body form of newly hatched Cypl"inidon macularis
(Teleostei). Helgol. Wiss. Meeresunters. 11:49-69.

Tanasichuk. R.W.• and D.M. Ware
1987 Influence of interannual variations in water temperature

on fecundity and egg size in Pacific herring (Clupe(l. hm'engus
pallasi). Can. J. Fish. Aquat. Sci. 44:1485-1495.



428

Tyler. A.V., and R.S. Dunn
1976 Ration, growth, and measures of somatic and organ con­

dition in relation to meal frequency in winter flounder, Pseudo­
pleu1"Cmectes americanus, with hypotheses regarding popula­
tion homeostasis. J. Fish. Res. Board Can. 33:63-75.

Ware. D.M.
1975 Relation between egg size, growth, and natural mortali­

ty of larval fish. J. Fish. Res. Board Can. 32:2503-2512.
Williams. G.C.

1975 Viable embryogenesis of the winter flounder Psettdo­
pleuronectes americanltS from _1.8° to 15°C. Mar. BioI.
(BerI.) 33:71-74.

Fishery Bulletin 8813/, 1990


